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Abstract 


The  final  step  of  methionine  recycling  from  methylthioadenosine  has  been  examined  in  the 
gram-positive  bacteria  Bacillus  cereus  and  B.  anthracis.  Subcellular  homogenates  were  able 
to  convert  ketomethiobutyrate  to  methionine  using  leucine,  isoleucine,  valine,  phenylalanine, 
tyrosine,  tryptophan,  and  alanine  as  amino  donors.  Four  putative  family  HI 
aminotransferases,  two  with  homology  to  branched-chain  amino  acid  aminotransferases  and 
two  with  homology  to  D-amino  acid  aminotransferases,  were  cloned  from  B.  cereus.  The  two 
branched-chain  aminotransferases  were  found  to  have  a  low  sequence  identity  with  the 
corresponding  enzymes  from  B.  subtilis,  indicative  of  membership  of  a  different  subfamily. 
After  expression  of  the  B.  cereus  enzymes  in  Escherichia  coli  and  subsequent  purification, 
one  branched  chain  aminotransferase,  designated  Bc-BCAT2,  was  found  to  catalyse 
methionine  regeneration  using  leucine,  isoleucine,  valine,  phenylalanine,  tryosine,  and 
tryptophan  as  amino  donors.  The  homologue  of  Bc-BCAT2  was  cloned  from  B.  anthracis 
and  designated  Ba-BCAT2.  Expression  of  the  recombinant  enzyme  in  E.  coli  and  subsequent 
purification  yielded  a  protein  which  catalysed  methionine  regeneration  using  branched-chain 
and  aromatic  amino  acids  as  the  amino  donors.  Kinetic  analysis  showed  that  the  Km  and 
Vmax  values  for  the  enzymes  were  similar  for  leucine,  valine,  and  isoleucine  as  amino  donors 
and  ketomethiobutyrate  and  ketoglutarate  as  amino  acceptors  with  the  Km  =  0.41  -  4.34  mM 
and  the  Vmax  =  0. 1 3  -  1 .44  nmol/min/mg  protein.  Therefore,  in  both  B.  cereus  and  B. 
anthracis ,  BCAT2  would  appear  to  be  the  primary  catalyst  of  methionine  production  from 
ketomethiobutyrate.  The  aminotransferase  inhibitor  canaline  was  found  to  inhibit  the  growth 
of  B.  cereus  with  an  IC50  of  35  pM  in  minimal  medium  and  760  pM  in  nutrient  broth.  The 
activity  in  minimal  medium  was  only  marginally  antagonised  by  the  addition  of  exogenous 
methionine  or  protein. 
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I 


Resume 


La  phase  finale  du  recyclage  de  la  methionine  a  partir  de  la  methylthioadenosine  a  ete 
examinee  dans  la  bacterie  gram  positive  des  bacteries  Bacillus  cereus  et  B.  anthracis.  Les 
homogenats  infracellulaires  ont  ete  capables  de  transformer  le  ketomethiobutyrate  en 
methionine  en  utilisant  la  leucine,  1’ isoleucine,  la  valine,  la  phenylalanine,  la  tyrosine,  le 
tryptophane  et  l’alanine  comme  donneurs  amines.  Quatre  transaminases  de  la  famille  HI 
putative,  dont  deux  ayant  une  homologie  avec  les  transaminases  aminoacides  de  chaine 
ramifiee  et  deux  autres  ayant  une  homologie  avec  les  transaminases  aminoacides  D,  ont  ete 
donees  a  partir  du  B.  cereus.  On  a  trouve  que  les  deux  transaminases  de  chaine  ramifiee 
avaient  peu  d’identite  de  sequence  avec  les  enzymes  correspondants  du  B.  subtilis,  indiquant 
ainsi  leur  appartenance  a  une  sous-famille  differente.  Apres  avoir  exprime  les  enzymes  du  B. 
cereus  dans  le  Escherichia  coli  et  les  avoir  purifies  ulterieurement,  on  a  trouve  que  la 
transaminase  de  chaine  ramifiee,  designee  Bc-BCAT2,  catalysait  la  regeneration  de 
methionine  en  utilisant  la  leucine,  1’ isoleucine,  la  valine,  la  phenylalanine,  la  tyrosine,  et  la 
tryptophane  comme  donneurs  amines.  L’homologue  de  la  Bc-BCAT2  a  ete  clone  a  partir  du 
B.  anthracis  et  a  ete  designe  Ba-BCAT2.  L’expression  de  l’enzyme  recombine  dans  le  E  coli 
et  la  purification  ulterieure  ont  produit  une  proteine  qui  a  catalyse  la  regeneration  de  la 
methionine  en  utilisant  des  aminoacides  de  branches  ramifiees  et  aromatiques  comme  les 
donneurs  amines.  L’analyse  cinetique  montre  que  les  valeurs  de  la  Km  et  de  la  Vmax  pour  les 
enzymes  sont  similaires  pour  la  leucine,  la  valine,  et  1’ isoleucine  comme  donneurs  amines  et 
pour  le  ketomethiobutyrate  et  le  ketoglutarate  comme.receveurs  d’ amines  avec  la  Km  =  0.41  - 
4.34  mM  et  la  =  0. 1 3  -  1 .44  nmol/min/mg  de  proteine..  Par  consequent,  il  apparaitrait 
que,  dans  chacun  des  B.  cereus  and  B.  anthracis,  le  BCAT2  serait  le  catalyseur  primaire  de  la 
production  de  methionine  a  partir  du  ketomethiobutyrate.  On  a  trouve  que  la  canaline,  un 
inhibiteur  de  transaminase,  inhibait  la  croissance  de  B.  cereus  avec  une  CI50  de  35  pM  dans 
un  milieu  minimum  et  760  pM  dans  un  bouillon  nutritif.  L’addition  de  methionine  exogene  ou 
de  proteine  antagonise  seulement  marginalement  l’activite  dans  un  milieu  minimum. 
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Executive  summary 


Anthrax  remains  one  of  the  most  serious  biological  warfare  threats  faced  by  the  Canadian 
Forces  and  the  public  at  large.  The  recent  events  in  the  United  States  involving  anthrax  letters 
have  reinforced  the  ease  with  which  an  anthrax  attack  can  be  performed  and  the  large  impact 
such  an  attack  may  have.  Over  the  last  few  years,  there  has  been  an  increase  in  the  natural 
resistance  of  anthrax  to  penicillin  and  other  beta-lactam  antibiotics.  Depending  on  the  study, 
between  10  and  35  percent  of  soil  and  veterinary  anthrax  isolates  are  now  penicillin  resistant. 
Moreover,  a  single  isolate  has  also  been  found  to  be  ciprofloxacin  resistant. 

Given  this  current  state  of  natural  resistance  and  also  the  relative  ease  of  genetically 
modifying  Bacillus  anthracis  to  create  drug  resistant  strains,  there  is  a  need  for  the 
development  of  antibacterial  agents  which  act  against  novel  biochemical  targets.  This 
laboratory  has  been  investigating  enzymes  involved  in  polyamine  biosynthesis  and  its 
associated  methionine  salvage  pathway  as  potential  drug  targets  in  anthrax.  Polyamines  are 
small  molecular  weight  nitrogenous  compounds  that  are  essential  for  cellular  replication.  The 
biosynthesis  of  polyamines  consumes  the  amino  acid  methionine  in  a  one-to-one  ratio, 
yielding  methylthioadenosine  as  a  byproduct.  As  methionine  is  an  essential  compound  in  its 
own  right,  is  present  in  limiting  amounts  in  the  cell,  and  is  energetically  expensive  to 
synthesize  de  novo,  cells  have  a  unique  pathway  for  regenerating  methionine  from 
methylthioadenosine.  It  is  known  that  inhibition  of  enzymes  in  this  pathway  leads  to  cell 
death  in  a  number  of  organisms,  including  malaria. 

In  a  previous  report,  we  investigated  the  biochemical  identity  of  the  enzyme  catalysing  the 
final  step  of  methionine  recycling,  the  transamination  of  ketomethiobutyrate,  in  the  model 
system  Bacillus  subtilis.  In  this  organism,  the  branched-chain  amino  acid  aminotransferase 
encoded  by  the  ybgE  gene  was  found  to  catalyse  methionine  formation.  However,  B.  subtilis 
is  not  a  particularly  accurate  model  for  B.  anthracis,  and  was  chosen  due  to  the  fact  that  it  was 
the  only  member  of  the  genus  Bacillus  to  have  a  complete  genome  sequence  in  the  public 
databases. 

During  the  course  of  the  B.  subtilis  study,  a  nearly  complete  genome  sequence  for  B.  cereus 
was  made  public,  and  a  similar  sequence  for  B.  anthracis  was  made  available  for  our  work  by 
the  United  States  Army  Medical  Research  Institute  for  Infectious  Diseases  via  the  TTCP 
program.  As  B.  cereus  and  B.  anthracis  are  the  same  species  with  differences  only  in  plasmid 
content,  the  presence  of  significant  genome  data  makes  the  former  organism  a  much  more 
suitable  non-pathogenic  model  for  B.  anthracis  biochemistry.  Analysis  of  methionine 
formation  in  B.  cereus  showed  that  a  branched-chain  aminotransferase  also  catalysed  the 
reaction  in  this  organism.  However,  the  subject  enzyme  was  a  member  of  a  different 
aminotransferase  subfamily  than  that  found  in  B.  subtilis.  Cloning  and  analysis  of  the  B. 
anthracis  homologue  of  the  B.  cereus  enzyme  demonstrated  that  this  enzyme  was  identically 
active  in  B.  anthracis.  This  result  clearly  reinforces  the  use  of  B.  cereus  as  an  accurate,  non- 
pathogenic  model  for  B.  anthracis  metabolism.  In  vitro  growth  inhibition  of  B.  cereus  with 
the  aminotransferase  inhibitor  canaline  showed  that  the  compound  effectively  killed  the 
bacteria  when  grown  in  a  minimal  medium,  but  less  so  when  in  a  rich  medium.  This 
difference  in  activity  was  found  to  be  independent  of  antagonism  by  exogenous  methionine  or 
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protein  found  in  the  rich  medium.  The  study  has  demonstrated  that  aminooxy  inhibitors  of 
aminotransferases  show  great  potential  as  antibacterial  agents  and  are  worth  further  study  in 
vitro  and  in  vivo. 


Berger,  B.J.,  English,  S.,  Knodel,  M.K.,  and  Chan,  G.  2002.  Characterization  of  potential 
antimicrobial  targets  in  Bacillus  spp.  n.  Branched-chain  aminotransferase  and  methionine 
regeneration  in  B.  cereus  and  B.  anthracis.  TR  2002-094.  DRDC  Suffield. 
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Sommaire 


Le  charbon  bacteridien  demeure  la  menace  de  guerre  biologique  la  plus  serieuse  a  laquelle 
doivent  faire  face  les  Forces  canadiennes  et  le  public  en  general.  Les  evenements  recents 
comprenant  notamment  les  lettres  au  charbon  bacteridien,  aux  Etats-Unis,  mettent  en  valeur  la 
facilite  avec  laquelle  une  attaque  au  charbon  peut  etre  effectuee  et  le  fait  qu’une  telle  attaque 
peut  avoir  un  impact  important.  Depuis  quelques  annees,  il  existe  une  croissance  de  la 
resistance  naturelle  du  charbon  a  la  penicilline  et  aux  autres  antibiotiques  beta-lactamines. 
Selon  les  etudes,  10  a  30  pourcent  des  sols  et  des  isolats  de  charbon  veterinaire  sont 
maintenant  resistants  a  la  penicilline.  De  surcroit,  on  a  aussi  trouve  un  isolat  resistant  a  la 
ciprofloxacine. 

Etant  donne,  l’etat  actuel  de  resistance  naturelle  ainsi  que  de  la  facilite  relative  a  modifier  le 
Bacillus  anthracis  pour  creer  des  drogues  resistantes  aux  souches,  il  existe  un  besoin  de 
mettre  au  point  des  agents  antibacteriaux  agissant  contre  les  cibles  biochimiques  nouvelles. 

Ce  laboratoire  a  etudie  les  enzymes  existant  dans  la  biosynthese  de  polyamines  et  leur  chemin 
de  recuperation  de  methionine  qui  leur  sont  associes,  comme  cibles  de  drogues  potentielles 
dans  le  charbon.  Les  polyamines  sont  des  petits  composes  azotes  de  poids  moleculaire  qui 
sont  essentiels  a  la  reproduction  cellulaire.  La  biosynthese  de  polyamines  consume  l’acide 
amine  methionine  a  proportion  egale  et  produit  de  la  methylthioadenosine  comme  sous- 
produit.  La  methionine  etant  un  compose  essentiel  en  lui-meme  qui  est  present  en  quantite 
limitee  dans  la  cellule  et  qui  necessite  beaucoup  d’energie  pour  synthetiser  de  novo,  les 
cellules  possedent  un  chemin  unique  de  regeneration  de  la  methionine  a  partir  de  la 
methylthioadenosine.  Nous  savons  deja  que  1’inhibition  des  enzymes,  dans  ce  chemin,  aboutit 
a  la  mort  des  cellules  dans  plusieurs  organismes  dont  la  malaria. 

Dans  un  rapport  anterieur,  nous  avons  etudie  l’identite  biochimique  de  l’enzyme  qui  catalysait 
l’etape  finale  du  recyclage  de  la  methionine,  la  transamination  du  ketomethiobutyrate,  dans  le 
systeme  modele  du  Bacillus  subtilis.  Dans  cet  organisme,  on  a  trouve  que  le  transaminase 
amino-acide  de  chaine  ramifiee,  encode  par  le  gene  ybgE,  catalysait  la  formation  de  la 
methionine.  Cependant,  le  B.  subtilis  n’est  pas  un  modele  particulierement  exact  pour  le  B. 
anthracis  et  il  avait  ete  choisi  parce  qu’il  etait  le  seul  membre  du  genre  Bacillus  dont  les  bases 
de  donnees  publiques  possedaient  une  sequence  complete  de  genomes. 

Durant  le  cours  des  recherches  effectuees  sur  le  B.  subtilis,  une  sequence  pratiquement 
complete  de  genomes  pour  le  B.  cereus  a  ete  rendue  publique  et  une  sequence  similaire  pour 
le  B.  anthracis  a  ete  rendue  disponible  pour  notre  travail  par  l’institut  de  l’armee  americaine 
de  recherches  medicales  pour  les  maladies  infectieuses.  United  States  Army  Medical  Research 
Institute  for  Infectious  Diseases,  par  l’entremise  du  programme  TTCP.  Puisque  le  B.  cereus 
et  le  B.  anthracis  sont  de  la  meme  espece  et  qu’ils  ne  contiennent  des  differences  que  dans  le 
contenu  plasmide,  l’existence  de  donnees  signifiantes  sur  les  genomes  font  que  le  B.  cereus 
est  un  organisme  non  pathogenique  beaucoup  plus  approprie  a  la  bicochimie  du  B.  anthracis. 
Les  analyses  de  formation  de  methionine  dans  le  B.  cereus  ont  montre  qu’un  transaminase  de 
chaine  ramifiee  catalysait  aussi  la  reaction  dans  cet  organisme.  Cependant,  l’enzyme  en 
question  etait  un  membre  different  de  la  sous-famille  de  transaminases  qui  avait  ete  trouvee 
dans  le  B.  subtilis.  Le  clonage  et  l’analyse  de  l’homologue  du  B.  anthracis  dans  l’enzyme  du 
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B.  cereus  a  montre  que  cet  enzyme  etait  actif  de  maniere  identique  dans  le  B.  anthracis.  Ce 
resultat  renforce  clairement  l’utilisation  du  B.  cereus  comme  modele  non  pathogenique  exact 
pour  le  metabolisme  du  B.  anthracis.  L’ inhibition  de  la  croissance  du  B.  cereus  in  vitro  avec 
la  transaminase  inhibitrice  de  la  canaline  a  montre  que  le  compose  a  efficacement  tue  la 
bacterie  developpee  dans  un  milieu  minimum,  mais  moins  efficacement  quand  elle  venait 
d’un  milieu  riche.  On  a  trouve  que  cette  difference  d’activite  ne  dependait  pas  d’un 
antagonisme  par  la  methionine  exogene  ou  la  proteine  presente  dans  le  milieu  riche.  Cette 
etude  a  demontre  que  les  inhibiteurs  aminooxy  des  transaminases  possedaient  un  potentiel 
important  en  tant  qu’agent  antibacteriaux  et  meritaient  d’etre  plus  amplement  etudies  in  vitro 
et  in  vivo. 


Berger,  B.J.,  English,  S.,  Knodel,  M.K.,  and  Chan,  G.  2002.  Characterization  of  potential 
antimicrobial  targets  in  Bacillus  spp.  II.  Branched-chain  aminotransferase  and  methionine 
regeneration  in  B.  cereus  and  B.  anthracis.  TR  2002-094.  DRDC  Suffield. 
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Introduction 


Polyamines  are  essential  for  normal  growth  and  proliferation  of  all  cell  types  [1-3],  While  the 
exact  mode  of  action  of  polyamines  remains  unknown,  the  compounds  play  a  role  in  nucleic 
acid  and  membrane  stabilisation  [2,3],  Inhibition  of  polyamine  biosynthesis  leads  to  cell 
stasis  or  death  in  most  systems  examined  to  date  [1],  The  biosynthesis  of  polyamines  requires 
the  transfer  of  an  aminopropyl  group  from  decarboxylated  S-adenosylmethionine  to 
putrescine  or  spermidine,  yielding  spermidine  or  spermine  respectively.  This 
aminopropylation  step  effectively  consumes  the  amino  acid  methionine  in  a  one-to-one 
stoichiometry,  with  the  formation  of  methylthioadenosine  as  a  by-product.  As  methionine  is 
present  in  limiting  amounts  and  is  essential  for  a  broad  range  of  biochemical  processes,  there 
exists  a  unique  pathway  to  recycle  the  amino  acid  from  methylthioadenosine  (Figure  1). 

The  final  step  in  this  methionine  regeneration  pathway  is  the  conversion  of 
ketomethiobutyrate  (KMTB)  to  methionine  via  an  aminotransferase  [4],  The  specific 
aminotransferase  which  catalyzes  this  reaction  has  been  studied  in  the  lower  eukaryotes 
Trypanosoma  brucei  brucei,  Crithidia  fasciculata,  Giardia  intestinalis,  and  Plasmodium 
falciparum,  the  gram-negative  bacterium  Klebsiella  pneumoniae,  and  partially  characterized 
in  pig  kidney  [5,6,7],  In  the  case  of  the  protozoa  and  K.  pneumoniae,  the  enzyme  responsible 
was  found  to  be  a  member  of  the  la  subfamily  of  aminotransferases.  The  enzyme  has  also 
proven  to  be  a  potential  chemotherapeutic  target,  particularly  in  P.  falciparum  [8], 

In  a  previous  study  [9],  we  had  chosen  Bacillus  subtilis  to  act  as  an  initial  model  system  for 
biochemical  studies  of  B.  anthracis  due  to  the  fact  that  the  entire  genome  sequence  of  B. 
subtilis  168  had  been  determined.  Using  this  model,  it  was  found  that  B.  subtilis  had  no  genes 
encoding  for  subfamily  la  aminotransferases.  Instead,  a  member  of  family  III,  the  branched- 
chain  amino  acid  aminotransferase  (BCAT)  encoded  by  the  ybgE  gene,  was  found  to  be 
primarily  responsible  for  the  conversion  of  KMTB  to  methionine  in  B.  subtilis.  Towards  the 
end  of  these  studies,  Integrated  Genomics  (Chicago,  IL,  USA)  unexpectedly  made  a  public 
release  of  a  gapped  genome  sequence  (1528  contigs)  for  B.  cereus  14579.  As  recent  studies 
have  demonstrated  that  B.  anthracis,  B.  cereus,  and  B.  thuringiensis  are  essentially  the  same 
species  of  bacterium  that  differ  in  their  plasmid  content  [10],  the  presence  of  genome  data  for 
B.  cereus  makes  this  organism  a  much  more  accurate,  non-BL3  model  for  B.  anthracis 
biochemistry  (Figure  2).  In  the  present  study,  we  have  extended  the  work  performed  on  B. 
subtilis  to  examine  the  BCATs  present  in  the  B.  cereus  genome.  Four  candidate  enzymes 
were  cloned,  functionally  expressed,  and  characterized  for  their  ability  to  catalyse  methionine 
regeneration.  As  in  B.  subtilis,  a  single  BCAT  was  found  to  be  responsible  for  this  reaction  in 
B.  cereus.  The  B.  anthracis  homologue  of  this  enzyme  was  also  cloned,  expressed,  and 
characterized,  and  was  also  found  to  be  capable  of  methionine  regeneration. 
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Figure  1.  The  Met  regeneration  pathway.  The  labelled  enzymes  are:  1,  S-adenosylmethionine 
synthetase;  2,  S-adenosylmethionine  decarboxylase;  3,  spermidine/spermine  synthetase;  4, 
methylthioadenosine  phosphorylase;  4a,  methylthioadenosine  nucleosidase;  4b,  methylthioribose  kinase; 

5,  unidentified  isomerase;  6,  unidentified  dehydratase;  7,  enolase-phosphatase;  8,  non-enzymatic,  or 
dioxygenase;  8a,  dioxygenase.  The  specific  aminotransferases  that  catalyse  the  final  step  are  shown  in 
red,  with  the  subfamily  membership  in  square  brackets.  The  organism  abbreviations  are:  Cf,  Crithidia 
fasciculata;  Tbb,  Trypanosoma  brucei  brucei;  Pf,  Plasmodium  falciparum;  Gi,  Giardia  intestinalis;  Kp, 

Klebsiella  pneumoniae;  Bs,  Bacillus  subtilis. 
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Figure  2.  Phylogenetic  relationships  within  the  genus  Bacillus.  The  16S  rDNA  sequences  for  each  organism  were  aligned  using 
ClustalX,  and  all  positions  containing  gaps  or  ambiguous  bases  eliminated.  A  distance  matrix  was  then  constructed  using  the 
DNADist  program  in  Phylip,  followed  by  tree  construction  by  the  neighbor-joining  method.  For  Bacillus  subtilis  (in  green)  all  16S 
rDNA  sequences  were  obtained  from  the  Subtiiist  genome  database.  For  Bacillus  anthracis  (in  red),  11  unique  16S  rDNA  sequences 
were  identified  from  the  nearly-completed  genome  project  data  (see  Methods).  For  Bacillus  cereus  (in  blue),  only  one  full  length  16S 
rDNA  sequence  could  be  obtained  from  the  gapped  genome  data  available  (see  Methods),  due  to  the  positions  of  the  gaps.  Bacillus 
atrophaeus  is  highlighted  in  orange,  as  this  species  is  the  currently  correct  designation  for  Bacillus  globigii  (Bacillus  subtilis  var. 

niger),  a  common  biodefence  research  model. 
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Materials  and  Methods 


Cells  and  Reagents 

B.  cereus  14579  was  obtained  from  the  American  Type  Culture  Collection  (Manassas, VA, 
USA)  and  was  routinely  cultured  in  Nutrient  Broth  at  30°C  and  agitation  at  250  rpm.  For 
selected  experiments,  the  cells  were  grown  in  a  minimal  medium  consisting  of  42  mM  MES 
pH  6.1/15  mM  (NH4)2SO4/0.8  mM  MgS04-7H20/1.5  pM  MnS04-H20/7  mM  K2HP04/13.6 
mM  glutamic  acid/30  pM  thiamine/30  mM  glucose/144  pM  FeSO4-7H2O/1.0  mM 
threonine/1.0  mM  serine/1.0  mM  leucine/1.0  mM  valine/1.0  mM  alanine  [1 1],  B.  cmthracis 
Ames  was  obtained  from  DRES  reference  stocks,  and  was  originally  acquired  from 
USAMRIID  (Frederick,  MD,  USA).  Growth  of  B.  anthracis  was  under  the  same  conditions 
as  for  B.  cereus,  except  growth  temperature  was  37°C. 

Subcellular  Homogenates 

B.  cereus  cultures  were  centrifuged  at  3500  x  g  for  20  min  at  4°C,  and  the  cell  pellet 
resuspended  in  25  mM  P04  buffer  pH  7.4/120  mM  KC1/2.5  mM  a-ketoglutarate  (KG)/0.2 
mM  pyridoxal  phosphate/1  mM  dithiothreitol/complete  protease  inhibitors  (Roche 
Biochemicals;  Laval,  QB,  Canada).  Lysozyme  (Fisher  Scientific;  Nepean,  Canada)  was 
added  to  300  pg/ml  and  the  mixture  incubated  on  ice  for  1  hr  prior  to  sonication  on  ice.  The 
homogenate  was  then  centrifuged  at  3500  x  g  for  20  min  at  4°C,  and  the  supernatant  dialysed 
against  100  mM  P04  buffer  pH  7.4/1  mM  dithiothreitol/1  mM  EDTA  at  4°C.  After  dialysis, 
the  samples  were  stored  at  4°C  for  enzyme  assays.  For  long  term  storage,  glycerol  was  added 
to  20%  v/v  and  the  samples  kept  at  -20°C. 

Biochemical  Assays 

Aminotransferase  activities  were  assayed  by  an  HPLC  method  [5],  10  pi  of  subcellular 
homogenate  or  a  variable  volume  of  recombinant  enzyme  was  added  to  100  pi  of  substrate 
mix  (100  mM  PO4/50  pM  PLP/various  concentrations  of  amino  acid/various  concentration  of 
keto  acid)  and  incubated  for  30  min  at  37°C.  The  samples  were  then  stored  at  -20°C  until 
analysis  by  HPLC  as  described  below.  BCAT  activity  was  assayed  using  2.0  mM  valine, 
isoleucine,  or  leucine/1.0  mM  KG  mixtures,  while  D-alanine  aminotransferase  (DAAT) 
activity  was  measured  using  2.0  mM  D-alanine/1 .0  mM  KG.  Met  regeneration  was  screened 
using  2.0  mM  each  of  ADEFGHIKLNQRSTWY/1 .0  mM  KMTB  in  the  substrate  mix.  The 
range  of  effective  amino  donors  for  Met  formation  was  determined  by  using  2.0  mM 
individual  amino  acid/1.0  mM  KMTB  in  the  substrate  mix.  For  the  determination  of 
Michaelis-Menton  constants,  the  substrate  mixes  contained  0. 1-10  mM  of  substrate  and  5  mM 
or  10  mM  of  the  cosubstrate.  Similar  kinteic  constants  were  determined  using  valine, 
isoleucine,  or  leucine/KG  mixtures  at  the  same  concentrations  as  for  Met  formation  from 
KMTB. 

All  samples  were  analysed  by  pre-column  derivatisation  and  reverse-phase  HPLC.  10  pi  of 
sample  was  mixed  with  50  pi  of  400  mM  borate  pH  10.5  and  then  with  10  pi  of  10  mg/ml  o- 
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phthalaldehyde/12  |il/ml  mercaptopropionate/400  mM  borate  pH  10.5  prior  to  the  injection  of 
7.0  |il  onto  a  2.1  x  200  mm  ODS-AA  column  (Agilent;  Mississauga,  ON,  Canada).  The 
column  was  eluted  using  2.72  mg/ml  sodium  acetate  pH  7.2/0.018%  v/v  triethylamine/0.3% 
v/v  tetrahydrofuran  as  Buffer  A  and  2.72  mg/ml  sodium  acetate  pH  7.2/40%  v/v 
methanol/40%  v/v  acetontrile  as  Buffer  B  with  a  linear  gradient  of  0  -  17%  B  over  16  min 
followed  by  a  linear  gradient  of  17-100%  B  over  1  min  and  6.0  min  at  100%  B.  The  flow  rate 
was  0.45  ml/min  from  0-16  min  and  0.80  ml/min  from  17-30  min.  The  elution  of 
derivatised  amino  acids  was  monitored  at  331  nm.  All  separations  were  performed  on  an 
Agilent  1 100  HPLC  equipped  with  an  autosampler,  variable  wavelength  ultraviolet/visible 
spectrophotometric  detector,  and  Chemstation  operating  system. 

Protein  concentration  was  determined  using  the  Bio-Rad  dye  (Bio-Rad;  Mississauga,  ON, 
Canada).  Recombinant  protein  samples  were  examined  by  electrophoresis  on  10%  SDS 
polyacrylamide  gels  followed  by  Coomassie  Brilliant  Blue  R250  staining. 

Cloning  and  Functional  Expression 

Genomic  DNA  was  isolated  from  B.  cereus  14579  or  B.  anthracis  Ames  by  digestion  with 
300  pg/ml  lysozyme  for  1  hr  on  ice,  followed  by  incubation  with  an  equal  volume  of  lOOmM 
NaCl/10  mM  Tris-HCl  pH  8.0/25  mM  EDT A/0.5%  w/v  sodium  dodecyl  sulfate/0.1  mg/ml 
proteinase  K  at  37°C  for  1  hr  with  occasional  mixing.  The  mixture  was  then  subjected  to 
extraction  with  phenol  and  chloroform: isoamyl  alcohol  (24:1),  and  the  DNA  ethanol 
precipitated.  The  B.  anthracis  DNA  was  resuspended  in  ultrapure  water  and  filtered  through  a 
0.2  pm  filter.  An  aliquot  of  this  filtered  DNA  was  used  to  ensure  sample  sterility  by 
inoculation  into  10  ml  brain-heart  infusion  broth  and  incubation  at  37°C  with  agitation  for  7 
days.  A  sample  of  the  incubated  brain-heart  broth  was  then  plated  on  blood-agar  plates  and 
incubated  at  37°C  for  7  days.  Upon  confirmation  of  sample  sterility,  the  B.  anthracis  DNA 
was  reprecipitated  in  ethanol  before  use. 

A  gapped  genome  of  B.  cereus  14579  was  obtained  from  Integrated  Genomics 
(www.integratedgenomics.com/Public/IG  Release.html)  and  data  from  the  nearly  completed 
genome  project  for  B.  anthracis  Ames  was  obtained  from  The  Institute  for  Genomic  Research 
(Rockville,  USA)  and  USAMRIID.  The  nucleotide  sequences  of  the  B.  cereus  and  B. 
anthracis  aminotransferases  were  obtained  by  examination  of  the  appropriate  genome  data 
using  the  BLAST  program  [12]  running  within  BioEdit  [13],  and  used  to  design 
oligonucleotide  primers  for  each  enzyme  (Table  1).  The  5’  primers  contain  a  12  nucleotide 
LIC  (ligation  independent  cloning,  [14])  sequence  and  an  in-frame  start  codon,  while  the 
3’primers  contained  a  13  nucleotide  LIC  sequence  and  an  in-frame  stop  codon.  The  target 
sequences  were  amplified  from  the  genomic  DNA  using  Taq  polymerase  (Promega;  Madison, 
WI,  USA),  1.5  mM  MgCl2,  200  pM  dNTP,  and  the  following  program:  1  cycle  of  95°C  for 
1.5  min,  30  cycles  of  95°C  for  1  min/55°C  for  1  min/72°C  for  1  min,  and  1  cycle  of  72°C  for 
10  min.  The  amplified  target  sequence  was  excised  from  a  1%  agarose  gel  and  the  DNA 
extracted  using  the  QiaexII  kit  (Qiagen;Mississauga,  ON,  Canada).  The  genes  were  then 
cloned  into  pCALnFLAG  using  the  LIC  procedure  outlined  by  Stratagene  (La  Jolla,  CA, 
USA),  and  then  transformed  into  E.  coli  XL  10  competent  cells  (Stratagene).  The  recombinant 
plasmid  was  purified  from  these  cells  using  the  QiaSpin  miniprep  kit  (Qiagen),  and  the 
presence  of  the  insert  confirmed  by  digestion  with  Ndel  and  Sac  I  and  electrophoresis  on  a  1% 
agarose  gel.  The  insert  was  sequenced  using  the  ABI  Big-Dye  cycle  sequencing  kit  (ABI; 
Foster  City,  CA,  USA)  and  an  ABI  Prism  310  Genetic  Analyzer. 
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Table  1.  Oligonucleotide  primers  used  for  amplification  of  the  genes  in  this  study.  Primers  in  both 
directions  contain  5’ sequence  complementary  to  the  ligation-independent  cloning  site  of  pCALnFLAG 

(Stratagene). 


GENE 

SEQUENCE 

B.  cereus  BCAT 1  5' 

G  ACG  ACG  ACAAG  AT  GGG  AAACCAGT  ACATTT  ACA 

3’ 

GGAACAAGACCCGTTTATGCTAAGCTTTCCGTCAG 

B.  cereus  BCAT2  5' 

GACGACGACAAGATGAATGAGCAATGGATTTTCTTAA 

3' 

GGAACAAGACCCGTTTATCCAACTTTATTTTCTTCGTAAA 

B.  cereus  DAAT 1  5' 

GACGACGACAAGATGAAAGTTTCACATTACTTACGTACTTA 

3’ 

GGAACAAGACCCGTTTAAGAAGATGACATATTGGATTGTAA 

B.  cereus  DAAT2  5’ 

G  ACG  ACGAC  AAG  ATG  AAAGCT  ACT  CAT  AAAGATTGG 

3’ 

GG  AAC  AAG  ACCCGTTTAATTT  GT  C  ACTTT  AAACAAA 

B.  anthracis  BCAT2  5' 

G  ACG  ACG  ACAAG  AT  G  AAT  GAGC  AAT  GG  ATTTT  CTT  AA 

3’ 

GGAACAAGACCCGTTTATCCAACTTTATTTTCTTCGTAAA 

The  plasmids  from  positive  clones  were  transformed  into  E.  coli  BL21  DE3  CodonPlus  RIL 
cells  (Stratagene)  for  functional  expression.  The  BL21  cells  containing  the  recombinant 
plasmid  were  grown  in  LB  liquid  medium  containing  50  pg/ml  ampicillin  and  50  pg/ml 
chloramphenicol  at  37°C  and  250  rpm  until  the  cell  density  reached  an  A^nm  of  0.6  -  0.8. 

The  culture  was  then  cooled  to  28°C  and  IPTG  added  to  1 .0  mM  before  2-5  hr  of  continued 
culture  at  28°C  and  250  rpm.  The  cells  were  then  pelleted  by  centrifugation  at  3500  x  g  for  20 
min  at  4°C,  and  resuspended  in  a  minimal  volume  of  10  mM  mM  HEPES  pH  7.8/150  mM 
NaCl/1 .0  mM  DTT/1 .0  mM  imidazole/2.0  mM  CaCL  before  storage  at  -20°C.  The  sample 
was  thawed,  sonicated  on  ice,  and  centrifuged  at  3500  x  g  for  20  min  at  4°C.  The  resulting 
supernatant  was  loaded  onto  a  1.6  x  8.0  cm  calmodulin-agarose  column  (Stratagene) 
equilibrated  with  the  resuspension  buffer.  The  column  was  eluted  with  10  mM  HEPES  pH 
7. 8/1. 2  M  NaCl/1.0  DTT/3.0  EGTA.  The  eluted  enzyme  was  concentrated  to  less  than  5.0  ml 
using  a  10  Kda  molecular  weight  cut-off  centrifugal  filter  (Pall  Filtron;  Mississauga,  ON, 
Canada).  The  concentrated  enzyme  was  kept  at  4°C  for  short  term  storage  and  at  -20°C  with 
20%  v/v  glycerol  for  long  term  storage. 

Phylogenetic  Analysis 

Additional  aminotransferase  sequences  were  obtained  from  GenBank  and  were  aligned  using 
the  Clustal  algorithm  and  the  BLOSUM  sequence  substitution  table  in  the  ClustalX  program 
[15].  Aligned  sequences  were  visualised  with  the  Bioedit  program  [13].The  aligned 
sequences  were  then  used  with  the  ProtDist  component  of  Phylip  [16]  to  construct  a  distance 
matrix  which  was  the  basis  for  tree  construction  using  neighbor-joining  [17].  All  trees  were 
visualised  using  Treeview  [18]. 
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Results 


Methionine  Regeneration  in  B.  cereus  Homogenates 

Subcellular  homogenates  of  B.  cereus  were  prepared  and  examined  for  the  range  of  effective 
amino  donors  for  the  transamination  of  KMTB.  Homogenates  prepared  from  cells  grown  in 
Nutrient  Broth  were  found  to  utilise  leucine,  isoleucine,  valine,  tyrosine,  phenylalanine, 
tryptophan,  and  histidine  as  preferred  amino  donors  for  the  reaction  (Figure  3A).  Alanine, 
glutamate  and  glutamine  could  also  act  as  amino  donors  to  a  lesser  degree.  Cells  grown  in  a 
minimal  medium  with  sulfate  as  the  only  exogenous  sulfur  source  presented  a  nearly  identical 
amino  donor  spectrum,  with  the  exception  of  a  greater  utilisation  of  alanine  and  glutamate, 
and  a  lower  use  of  tyrosine  (Figure  3B).  Therefore,  as  was  seen  previously  with  B.  subtilis 
[9],  B.  cereus  preferentially  uses  branched-chain  and  aromatic  amino  acids  as  the  amino  donor 
for  KMTB  regardless  of  presence  of  exogenous  methionine. 

Identification  of  Family  III  Aminotransferases  in  B.  cereus  and 
B.  anthracis 

As  the  primary  catalyst  of  KMTB  transamination  in  B.  subtilis  proved  to  be  the  ybgE  gene 
product,  and  was  a  member  of  the  family  III  of  aminotransferases,  B.  cereus  and  B.  anthracis 
genome  data  was  examined  for  potential  homologues.  Both  B.  cereus  and  B.  anthracis  were 
found  to  contain  four  sequences  with  high  identity  to  known  members  of  family  III 
aminotransferases  (Figure  4).  Two  of  these  sequences  were  similar  to  BCATs  and  two  were 
similar  to  DAATs,  and  were  given  the  names  Bc-BCATl  (Genbank  AF527041),  Bc-BCAT2 
(Genbank  AF527043),  Bc-DAATl  (Genbank  AF527045),  Bc-DAAT2  (Genbank  AF527042), 
Ba-BCATl,  Ba-BCAT2  (Genbank  AF527044),  Ba-DAATl,  and  Ba-DAAT2. 

In  a  previous  study,  we  had  tentatively  subdivided  family  III  into  two  subfamilies:  Ilia,  which 
contained  eukaryotic  and  bacterial  BCATs,  and  IHb,  which  contained  archaeal  and  bacterial 
BCATs  and  DAATs  [9].  The  B.  subtilis  ybgE  gene  product  was  found  to  be  a  member  of 
subfamily  Ilia.  Interestingly,  despite  their  relatively  close  relationship  to  B.  subtilis  (Figure 
2),  neither  B.  cereus  nor  B.  anthracis  had  any  aminotransferases  with  homology  to  subfamily 
Ilia.  All  four  B.  cereus  and  B.  anthracis  family  III  aminotransferases  are  members  of 
subfamily  IHb  and  are  not  closely  related  to  the  B.  subtilis  ybgE  gene  product  (Figure  4). 

Given  the  extreme  similarity  of  the  B.  cereus  and  B.  anthracis  genomes,  it  is  not  surprising 
that  each  of  the  family  III  enzymes  from  B.  cereus  is  most  identical  to  its  B.  anthracis 
counterpart,  with  identities  in  excess  of  96%.  The  BCATl’s  were  also  found  to  be  61% 
identical  to  the  BCAT2’s.  All  four  BCATs  were  56%  identical  to  the  Archaeo globus  fulgidus 
AF0933  gene  product  and  50%  identical  to  the  Methanococcus  jannaschii  MJ1008  gene 
product.  The  best  studied  member  of  subfamily  IHb,  the  Escherichia  coli  ilvE  gene  product, 
was  38%  identical  to  the  four  Bacillus  BCATs.  The  B.  subtilis  ybgE  gene  product,  which  is 
responsible  for  Met  regeneration  in  that  organism  and  is  a  member  of  subfamily  Ilia,  was  only 
17%  identical  to  the  B.  cereus  and  B.  anthracis  BCATs. 
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Figure  3.  The  amino  donor  range  for  Met  regeneration  in  B.  cereus.  An  enzyme  source  was  mixed  with 
1.0  mM  KMTB,  2.0  mM  of  a  single  amino  acid,  and  pyridoxal  phosphate  for  30  min  at  37° C  before  analysis 
of  Met  production  by  HPLC.  The  enzyme  sources  are:  (A)  B.  cereus  homogenate  from  cells  grown  in 
Nutrient  broth,  (B)  B.  cereus  homogenate  from  cells  grown  in  Minimal  medium,  (C)  recombinant  B.  cereus 
BCAT2  (white  bars)  or  recombinant  B.  anthracis  BCAT2  (hatched  bars). 
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r~  Homo  sapiens  NM005504  cBCAT 
A  U  Ovis  aries  AF1 84916  cBCAT 
|  P"1  Mus  musculus  XI 7502  cBCAT 

_ |  Rattus  norvegicus  NMO 1 7253  cBCAT 

PI  r^Homo  sapiens  NMOO 1 1 90  mBC AT 

_  I - P— Ovis  aries  AAD02563  (mBCAT) 

1  Rattus  norvegicus  NM022400  mBCAT 

. Caenorhabditis  elegans  CEO 34 57  (BCAT) 

i ""Saccharomvces  cerevisiae  YJR148w  (BCAT) 
ml  1  Saccharomyces  cerevisiae  YHR208w  (BCAT) 

'  Schizosaccharomyces pombe  SPBC428.02C  (BCAT) 

["■ . Streptomvces  coelicolor  AL031 124  (BCAT) 

Mycobacterium  tuberculosis  MT2266  (BCAT) 
r  [  Xyellela  fastidiosa  XF1999  (BCAT) 

Li  Ralstonia  solanacearum  RS05654  (BCAT) 

*  “ HmmmSinorhizobiurn  meliloti  Smc02896  (BCAT) 

. Bacillus  halodurans  BAB05875  (BCAT) 

— Bacillus  subtilis  ywaA  BCAT 
•—Bacillus  subtilis  ybgE  BCAT 

1  ■  Neisseria  meningitidis  NMO 3 37  (BCAT) 

_J  Streptococcus  pneumoniae  SP0856  (BCAT) 
mT*’  Streptococcus  pyogenes  Spy0910  (BCAT) 

—J  Lactococcus  lactis  1 320  (BCAT) 

_j ||  1  Haemophilus  influenzae  HI  1 1 93  (BCAT) 

"I  ^^^~Deinococcus  radiodurans  DR1626  (BCAT) 

'  Helicobacter  pylori  JHP 1361  (BCAT) 

Cochliobolus  carbonum  AF 157629  BCAT 
Arabidopsis  thaliana  Atlg  10060  (BCAT) 

Capsicum  annuum  AAK57535  (BCAT) 

—Arabidopsis  thaliana  Atlg50090  (BCAT) 

— Solanum  tuberosum  AF  193845  BCAT 
" Solanum  tuberosum  AF1 93846  BCAT 


~Synechocystis  sp.  SLR0032  (BCAT) 
mAquifex  aeolicus  aXXXa  (BCAT) 


J Escherichia  coli  ilvE  BCAT 
I  i  mmmmJr Salmonella  typhimurium  PSLT3903  (BCAT) 
p-|  Yersinia  pestis  YP03899  (BCAT) 

A  '  Methanobacteri um  thermautotrophicum  MTH1430  (BCAT) 

_  V  —Halobacterium  sp.  ilve2  (BCAT) 

"  """  1  i  — Pseudomonas  aeruginosa  PA05014  (BCAT) 

I— J*— —'Ralstonia  solanacearum  RS04898  (BCAT) 

'  — — —  1,1  Campylobacter  jejuni  Cj0269c  (BCAT) 

rjT Rickettsia  conorii  ilve  (BCAT) 

Rickettsia  typhi  ilve  (BCAT) 

WRickettsia  rickettsia  ilve  (BCAT) 

Rickettsia  montanensis  ilve  (BCAT) 

Caulobacter  crescentus  CC2930  (BCAT) 

HI  Agrobacterium  tumefaciens  C_1 592  (BCAT) 

1 . . . Mesorhizobi um  loti  mll9205  (BCAT) 

1  1  1  Streptomyces  coelicolor  AL1 57953  (BCAT) 

^^^mmmjBacillus  anthracis  BCAT1 
I  ^Bacillus  cereus  BCAT1 

— i  I  ^^^^tBacillus  anthracis  BCAT2 

I  Bacillus  cereus  BCAT2 

■ .  Archaeoglobus Julgidus  AF0933  (BCAT) 

. . Methanococcus  jannaschii  MJ1008  (BCAT) 

— >»  « .  Clostridi um  acetobutylicum  CAC2226  (BCAT) 

11  Mesorhizobium  loti  mlr7635  (BCAT) 

Agrobacterium  tumefaciens  pAT_698  (DAAT) 

»4  ""  Sinorhizob ium  meliloti  Sma0093  (DAAT) 

p|  * 1  1  Ralstonia  solanacearum  RS01735  (DAAT) 

— -J  *'  "  '  Agrobacterium  tumefaciens  C_4563  (DAAT) 

L_f .  Caulobacter  crescentus  CC 1 744  (DAAT) 

Mesorhizobium  loti  mlr0401  (DAAT) 

. "  Bacillus  licheniformis  U26947  (DAAT) 

Bacillus  subtilis  yheM  (DAAT) 

Staphylococcus  haemolyticus  U 12238  (DAAT) 
nm^^^iBacillus  anthracis  DAAT2 
l“ Bacillus  cereus  DAAT2 
mmmmmmm^acidus  anthracis  DAAT1 
u“ Bacillus  cereus  DAAT1 
••Listeria  monocytogenes  AF038439  (DAAT) 

- Bacillus  sp.  J04460  (DAAT) 

•—Bacillus  sphaericus  U26732  (DAAT) 

—••Bacillus  halodurans  NT01BH3  (DAAT) 

Clostridium  acetobutylicum  CAC0792  (DAAT) 


Figure  4.  Family  III  aminotransferases.  The  sequences  were  aligned  with  the  clustal  algorithm  and  used  for  tree 
construction  with  the  neighbor-joining  method.  The  division  between  subfamilies  Ilia  and  lllb  is  shown  with  the  arrows. 
The  B.  cereus  sequences  are  in  blue  and  the  B.  anthracis  sequences  in  red. 
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As  with  the  BCATs,  the  putative  DAAT  sequences  from  B.  cereus  were  most  identical  to  their 
B.  anthracis  counterparts  with  an  identity  in  excess  of  86%.  The  DAATl’s  were  also  found 
to  be  47%  identical  to  the  DAAT2’s.  All  four  DAAT  sequences  were  42%  identical  to  the  B. 
subtilis  yheM  gene  product,  which  is  the  sole  DAAT  in  that  organism,  and  were  also  40% 
identical  to  the  Listeria  monocytogenes  DAAT  (AF038439). 

Alignment  of  the  eight  B.  cereus  and  B.  anthracis  sequences  with  previously  characterised 
family  III  aminotransferases  highlighted  the  very  small  number  of  conserved  residues  across 
the  family  (figure  5).  In  this  sampling,  EI04(E37)\  R127(R59),  K230(K159),  G249(G178), 
E261(E193),  N271(N198),  T287(T209),  L295(L217),  G297(G219),  R300(R222), 

E317(E238),  E336(E251),  and  G367(G278)  were  completely  conserved.  When  this  data  set  is 
merged  with  that  found  in  our  previous  study  on  B.  subtilis,  then  only  E104(E37),  R127(R59), 
K230(K159),  G249(G178),  E261(E193),  T287(T209),  L295(L217),  E336(E251),  and 
G367(G278)  are  conserved  across  18  members  of  family  III.  The  sequences  used  in  both 
these  smaller  datasets  have  been  cloned  and/or  characterised  in  biochemical  studies.  The 
alignment  used  to  construct  figure  4  had  E145(E37),  R170(R59),  K279(K159),  E320(E193), 
L351(L217),  and  E376(E251)  as  the  sole  conserved  residues  across  the  entirety  of  family  III. 
However,  this  large  data  set  would  be  expected  to  contain  a  number  of  sequencing  errors  as 
the  vast  majority  of  sequences  have  not  been  further  characterised.  In  any  case,  the  number  of 
conserved  residues  in  family  III  is  small. 

Characterisation  of  the  B.  cereus  Family  III  Aminotransferases 

The  four  putative  family  III  aminotransferase  sequences  in  B.  cereus  were  cloned  and 
functionally  expressed  as  calmodulin-binding  peptide  fusion  proteins  in  E.  coli.  In  all  four 
cases,  a  large  amount  of  inactive,  included  material  was  formed  (from  50-100%).  However, 
with  the  exception  of  Bc-DAAT2,  sufficient  soluble,  active  material  was  produced  and 
purified.  As  an  example,  the  purification  of  Bc-BCAT2  is  shown  in  figure  6.  Bc-BCATl, 
Bc-BCAT2,  and  BC-DAAT1  were  screened  with  branched-chain  amino  acids  and  KG  or 
KMTB,  as  well  as  D-alanine  and  KG,  in  order  to  determine  their  capacity  for  transamination 
of  these  substrates  (figure  7).  As  would  be  expected,  only  Bc-DAATl  catalysed  D- 
alanine:KG  aminotransfer,  confirming  its  identity  as  a  DAAT.  Both  Bc-BCATl  and  Bc- 
BCAT2  were  active  with  branched-chain  amino  acids  when  KG  was  used  as  an  amino 
acceptor,  confirming  their  identities  as  BCATs.  However,  Bc-BCAT2  catalysed  these 
reactions  3-4  fold  better  than  Bc-BCAT  1 .  Only  Bc-BC AT2  had  any  appreciable  activity  with 
branched-chain  amino  acids  and  KMTB  as  an  amino  donor.  Therefore,  while  both  BCATs 
were  capable  of  transaminating  KG  and  branched-chain  amino  acids,  only  Bc-BCAT  has  the 
ability  to  produce  Met  from  KMTB.  Therefore,  Bc-BCAT2  is  likely  the  analogue  of  ybgE  in 
B.  subtilis,  and  acts  as  the  primary  catalyst  of  Met  regeneration  in  B.  cereus. 


*  As  in  our  previous  study  [9],  the  values  in  parenthases  represent  the  corresponding  residue  in  the  E. 
coli  ilvE  amino  acid  sequence. 
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Ba-BCATl 
BC-BC  ATI 
Ba-BC  AT2 
Bc-BC  AT2 
Ba-DAATl 
Be -DA  ATI 
Ba-DA  AT2 
BC-DAAT2 
Bs-y  bgE 
Bs  -y  heM 
Ec-i IvE 
Bsp-D  AAT 
Hs-BC  AT2 
Hs-BC  ATI 


-MGNQYIYM 
-MGNQYIYM 
-VNEQWIFL 
-MNEQWIFL 
- ERFVLW 


-| - | - j - | - 1 - t - 

GEFVE-  -KEKAWSVYD . HGFLYlG 

GEFVE-  -KEKAWSVYD . . HGFLYG 

3EFVP-  -KDEAKVSVYD - HGYLYG 

GEFVP  -  -  KDEAKVSVYD . . HGYLYG 


- - - - - . - ERFVLWNDAI IDTTKQKTYIELEE . RGLQFGD  3 1 

. - . . . . . . MKVSHYLRTYERMGRKLAYEKFVLWNDEVIDTTKQQTYIELEE-- . RGSQFGD  50 

. . . . . - . . MEATHKDWILFNGRIVNTKEEQPMIPLEE- . RGFQFGD  3 6 

- - - - - - MKATHKDWILFNGRMINTKEEQPMVALEE . -  -  -  RGFQFGD  3  6 

. . . . . MNKLIEREKTVYYKEKPDPSS-LGFGQYFTDYMFVMDYEEGIGWHHPRIAPYAPLTLDPSSSVFHYGQ  67 

- - - - - - MKVLVjNlGRLIGRSEAS  -  -  IDLED - RGYQFGD  28 

. . . . . . TTKKADYIWFNGEMVR- - WEDAKVHVMS - HALHYGT  3 3 

. . - . -  -  MAYSLWNDQIVE-  -EGSITISPED - RGYQFGD  2  9 

MAAAALGQIWARKLLSVPWLLCGPRRYASSSFKAADLQLEMTQKPHKKPGPGEPLVFGKTFTDHMLMVEWN-DKGWGQPRIQPFQNLTLHPASSSLHYSL  99 
-MDCSNG - SAECTGEGGSKEWGTFKAKDLIVTPATILKEKPDPNN-LVFGTVFTDHMLTVEWSSEFGWEKPHIKPLQNLSLHPGSSALHYAV  90 


Ba-BCATl 
Bc-BC  ATI 
Ba-BC  AT2 
Bc-BC  AT2 
Ba-DAATl 
Be -DA  ATI 
Ba-DA  AT2 
BC-DAAT2 
Bs-y bgE 
Bs-y  heM 
Ec-i IvE 
Bsp-D  AAT 
Hs-BC  AT2 
Hs-BC  ATI 


3GNV . FCLKEHVKR 

3GNV . FCLKEHVKR 

SGNV . FRLREHLVR 

SSNV . FRLREHLVR 

KSNF . HLLDPHITR 

KGNF . HLLDPHITR 

DGKP . HLLDLHLER 

DGKP . HLLDLHLER 

RTDDGRVLLFRPDQNIKR 

K§VL . FGLRE0AER 

DSHKG-  PWFRHREHImQ(R 

NjGlHM - FTAQEHIDR 

KGKDQQVRLFRPWLNMDR 

RGVDNKIRLFQPNLNMDR 


130  140  150 

•  •  I  —  I  —  I  —  I  —  I  —  I  • 
j|LYE|s]AKS  I  LET  I P  LTVD  EM  E  EA  VL  QTLQK 
tLYES AKSILLTIPMTVEEMEEAVLHTLQK 
ILYESAKSIMLEIPYSLDEITNIWETIRQ 
tLYES  AKSILLEIPYSLDEVTNIWETIRH 
ILYRFMEEIELTLPFSKAELITLLYKLIEN 
iLYRlslMEEVELSLPFSKAELITLLYKLIER 


EYA-DAYIRLIVSlR 
EYT-DAYIRLIVSR 
KLS -NGYIRLVVSR 
KLS -NGYIRLVVSR 


190  190  200 

•  •  I - I - I - I - I - I 

IKGDLGLDPRSCVKPSVII IAEQLKLFPQ  125 
IKGDLGLDPRSCVKPSVII IAEQLKLFPQ  125 
AGNLGLDPDSCTKPNVWIAEQLSLFPQ  125 
AGNLGLDPDSCRKPNVWIAVPISLFPQ  125 
VQARTHTF-SYDVPPTIYAYITKKERPA  125 
VQARTHVF-SYDTPPTIYAYITKKERPA  144 
AQARNHVY - ESNMQPTYFANI VS  FPRPI  130 
AQQRNHVY - ESDLQPTYFANLVS  FPRPV  130 


EEIELTLPFSKAELITLLYKLIENNNFHEDGTIYLQVSRGVQARTHTF-SYDVPPTIYAYITKKERPA  125 
IEEVELSLPFSKAELITLLYKLIERNHFHEDGTIYLQVSRGVQARTHVF-SYDTPPTIYAYITKKERPA  144 
1EEIKLI PPFTKEELAEELHQMI EKNQFQEDGNVYLQ I SRGAQARNHVY- ESNMQPTYFANI VS FPRPI  130 
lAEIKLIPPFTKEELVEELYQMIEKNQFQEDGNVYLQISRGAQQRNHVY-ESDLQPTYFANLVSFPRPV  130 
ERMSMPPLDEELVLEALTQLVELEKDWVPKEKGTSLYIRPFVIATEPSLGVKASRSYTFMIVLSPVGS  167 
.AEIGISLPFSIEDLEWDLQKLVQEfflAVS-EGAVYIQTTRGVAPRKHQY-EAGLEPQTTAYTFTVKKPE  121 
.KIYRFPVSQSIDELMEACRDVIRKNNLTSAYIRPLIFVGDVGMGVNPPAGYSTDVIIAAFPWGAYLGA  132 
.ekirHvipytkdvlhkllhdlieknnln-tghvyfqitSIgttsrnhifpdasvpavltgnvktgersi  123 

.MRLCLPSFDKLELLECIRRLIEVDKDWVPDAAGTSLYVRPVLIGNEPSLGVSQPRRALLFVILCPVGA  199 
.VRATLPVFDKEELLECIQQLVKLDQEWVPYSTSASLYIRPAFIGTEPSLGVKKPTKALLFVLLSPVGP  190 


Ba-BCATl 
Bc-BC  ATI 
Ba-BC  AT2 
Bc-BC  AT2 
Ba-DAATl 
Be -DA  ATI 
Ba-DA  AT2 
Bc-DA  AT2 
Bs-y  bgE 
Bs-y  heM 
Ec-i IvE 
Bsp-D  AAT 
Hs-BC  AT2 
Hs-BC  ATI 


210  220  230 

- | - | - | - | - | - j - 

EF  -  -  -  ydnglswsvasrK]ntpdaldpri|k|s -mF 
EF  -  -  -  YDNGLSWSVASRRNTPDALDPRIKS-Mb 
EY-  -  -  YEKGIPWTVATRRNRPDVLSPQVKS-  Lb 
EY  -  -  -  YE  I D I PWTVATR  RNR  PD  VLS  PQVK  S  -  Lb 

LW- - - IEYGVRAISEPDTR - WLRCDIKS-Lb 

LW IEYGIRAISEPDTRJ - WLRCDIKS-Lb 

AT---MEQGIKVTVEEDIR - WKFCHIKS-Lb 

AS MEAGIKVTVEEDIRj - WKFCHIKS-Lb 

YYGDDQLKPVRIYVEDEYVRAVNGGVGFAKTAGb 

QE---QAYGVAAITDEDL|r| - WLRCDIKS-Lb 

EA - LEQGIDAMVSSWNRAAPNTIPTAAKAGGb 

EN - - - FEKGVKATLVEDVR - WLRCD I KS - Lb 

YFPGGSVTPVSLLADPAFIRAWVGGVGNYKLGGb 

YFSSGTFNPVSLWANPKYVRAWKGGTGDCKMGGb 


240 

| - | - |  .  .  . 

ySnnvlvkieEaqa 

YLNNVLVKIEAAQA 
YLNNILVRIEAKLA 
YLNNILVRIVAKLA 
LLPNILAATKAERK 
LLPNVLAATK AERK 
LLPNIMIKNKINEQ 
LLPNIMIKNKINEQ 
YAASLQAQRKlAjNEL 
LLYNVMTKQRAYEA 
YLSSLLVGSEARRH 
LLGAVLAKQEASEK 
YGPTVLVQQEALKR 
YGSSLFAQCEDVDN 


250  260 

| - | - | - |  .  . 

itVLlEjALMLN-  -QQGYVC[e|C 
JVLEALMLN- -QQGYVCEG 
5VQEALMLN- -DQGYVAE: 
5VQEALMLN- -DQGYVAEC 
5CKEALFVR- -N-GTVTEC 
5CKEALLVR- -N-GIVTEC 
5YQEAILVR- -D-GIVTE: 

;yqeailvr--d-givte: 
;ydqvlwldaiekkyvee\ 
;  af|e|ai  llr  - -d-gwte: 

JYQEGIALD- -VNGYISEC 

;cyeailhr--g-diitec 
JCEQVLWLYGPDHQ - LTE\ 

;cqqvlwlygrdhq-ite\ 


SGDNVFWKDG . KVL 

SGDNVFWKDG . KVL 

SGDNVFIVKGN . KLI 

SGDNVFIVKGN - KLI 

SHSNFFLIKNG - TLY 

SHSNFFLIKNG . TLY 

CHSNFFMVKNN . KLI 

CHSNFFIVKNN . KLI 

GSMNIFFVING . EAV 

TSSNVYAVING . TVR 

AGENL^EVKDG . VLF 

SSANVYGIKDG - KLY 

GTMNlfFlVYWTHEDGVLELV 

GTMNLFLYWINEDGEEELA 


290 

•  *  I - I  •  • 

MsylgaEM 

:ppsylgale: 

:ppssagalec 

?ppssagalec 

:hpanhlilnc 

?HPANHLILbJC 

:hpadnfilhc 

:hpadhfilhc 

?PALSGS ILSC 

'hIpIanrlilnc 

?PPFTSSALPC 

?HPANNYILNC 

.’pplngvilp: 

?PPLDGI ILPC 


ITR  214 
ITR  214 
ITR  214 
ITR  214 
l[l)R  209 
l|ljR  228 
ITR  214 
ITR  214 
V|TR  262 
ITR  205 
ITR  222 
ITR  207 


Ba-BCATl 
Bc-BC  ATI 
Ba-BC  AT2 
Bc-BC  AT2 
Ba-DAATl 
Be -DA  ATI 
Ba-DA  AT2 
Bc-DA  AT2 
Bs-y  bgE 
Bs-y  heM 
Ec-i  IvE 
Bsp-D  AAT 
Hs-BC  AT2 
Hs-BC  ATI 


310 

—  I  —  I  —  I  •  • 
NSVIELCERLS-IPCEli 
NSVIELCERLS-IPCEI 
NAILEIGEKLG- YDplRI 
NAILEIGEKLG-YDVRI 
QYVLSLAKTLR- IPVQI 
QYVLSLANTLH- IPVQI 
HYVITLAKELH- IEVEI 
HYVITLAKELH- IDVEI 
ASAIELIRSWG- I PVRI 
MNILGLIEKNG- IKLDI 
DAIIKLAKELG-  IEpjRI 
QVILKCAAEIN- LPVI I 
QSLLDMAQTWGEFR VVI 
RCILDLAHQWGEFKVSI 


320  330 

•  •  I - I - I - I  * 

rpftrhdvyv|a|d - [l 

RPFTRHDVYVAD - 1 

ELFTRHDVYVAD - 1 

ELFTRHDVYV  AD - 1 

ELFSIRDVYQAD - 1 

ELFSVRDVYQAD . I 

REFSLQEVYEVD - 1 

refslqevydHe- . I 

ERISIDEVYAASARGELTI 

TPVSEEELKQAE - 1 

QVLSRESLYLAD - 1 

EPMTKGDLLTMD - 1 

rtitmkqllrHleegrvri 

RYLTMDDLTTALEGNRVRI 


GTGTAAWTP1 


IIVSSVSSgVTP1 

«SGfflACQVCP’ 

sgMacwcp1 


^  VKVDSR - EIGDGKP 

^VKVDSR - EIGDGKP 

'TTVDGR - TIGLGQT 

fTTVDGR - TIGLGQT 

ITHLDGT - AIQDGQV 

ITHLDGT - AIQDGQV 

rlVQIGDE - QFGNGER 

^VQIGDE - QFGAGER 

'GELNIHGKTVIVGDGQI 

^VTLDGQ - SIGSGKP 

^RSVDGI - QVGEGRC 

FIDVDGQ - QIGAGVP 

1  HR ILYKDRNLH I PTMEN 
?SDILYKGETIHIPTMEN 


370  390  390 

•  •  I - I - I - I - I - I  •  '  • 

-SVfr|KQ|L|rEEFKKLTRERGVRVPGLAESLL-  299 
- SVTKQLTEEFKKLTRERGVRVPRLTESLA-  299 
- PHTNRLLEEFRKLVIEDGEKIYEENKVG- -  298 
- PHTNRLLEEFRKLVVEDGEKIYEENKVG- -  298 

-  PITKMLQRSFSQSLLQSNMSSS  - .  287 

-  AITKKLQKSFNKILLQSNMSSS - 306 

-PITKRLQVAYEESIRLFKVTN -  291 

-  PITKKLQAAYEESIRLFKVTN -  291 

-DLSKKLYETITDIQLGKVKGPFNWTVEV- -  356 

-PVfflKQLQAAFQESIQQAASIS . .  282 

- PVTKRIQQAFFGLFTGETEDKWGWLDQVNQ  308 

-EWTRK|lJ2KAFEAKLPISINA- .  283 

PELILRFQKELKEIQYGIRA- -HEWMFPV- -  392 
PKLASR I LS  KLTD I Q YGREE - - SDWT IVLS -  384 


Figure  5.  Alignment  of  the  B.  cereus  and  B.  anthracis  family  III  enzymes.  The  following  sequences  were  aligned  with  the  clustal 
algorithm:  Bs-ybgE[9, 19],  B.  subtilis  BOAT [9] [19];  Bs-yheM,  B.  subtilis  DAAT [19];  Ec-ilvE,  E.  coli  BOAT [20];  Bsp-DAAT,  B. 
sphaericus  DAAT [21];  Hs-BCATI,  Homo  spaiens  BCAT1  [22];  Hs-BCAT2,  H.  sapiens  BCAT2  [23]  Residues  conserved  by  75%  of 

the  sequences  are  highlighted. 
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Figure  6.  Purification  of  recombinant  B.  cereus  or  B.  anthracis  BCAT2.  E.  coli  BL21  codon-plus  cells  (Stratagene) 
carrying  the  transgene  were  induced  with  IPTG  and  prepared  as  described  in  the  Materials  and  Methods.  The 
homogenate  supernatant  (S)  was  loaded  onto  a  calmodulin-agarose  column,  and  the  wash  (W)  and  eluates  (E) 
collected.  Aliquots  of  each  of  these  fractions  were  analysed  by  SDS-polyacrylamide  electrophoresis  along  with  a 
sample  of  the  insoluble  homogenate  pellet  (P).  The  mass  of  the  molecular  markers  (M)  is  shown  and  the  target 
protein  is  highlighted  with  the  anows.  B.  cereus  is  on  the  left  and  B.  anthracis  on  the  right. 


Figure  7.  Substrate  preference  for  the  recombinant  B.  cereus  family  III  aminotransferases.  B.  cereus  BCAT1  (black), 
BCA  T2  (red),  or  DAA  T 1  (green)  were  incubated  with  2. 0  mM  amino  acid,  1.0  mM  keto  acid,  and  pyridoxal  phosphate 
before  HPLC  analysis  for  the  production  of  Met  from  KMTB  or  glutamate  from  KG. 
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The  recombinant  Bc-BCAT2  was  screened  with  single  amino  acids  and  KMTB  in  order  to 
define  the  amino  donor  preference  of  the  enzyme  (Figure  3C).  The  enzyme  used  isoleucine, 
leucine,  valine,  tyrosine,  phenylalanine,  and,  to  a  lesser  degree,  histidine  and  arginine. 

Therefore,  with  the  exception  of  alanine  and  glutamine  as  amino  donors,  Bc-BCAT2  would 
appear  responsible  for  almost  all  the  Met  regeneration  activity  seen  in  the  B.  cereus 
homogenates  (Figure  3A  and  3B).  This  result  is  identical  to  that  seen  previously  in  B.  subtilis 
[9].  Selected  substrate  pairings  were  examined  in  more  detail  in  order  to  determine  the  kinetic 
parameters  of  the  enzyme  (Table  2).  The  Km  and  Vmax  values  were  found  to  be  similar 
regardless  of  whether  KG  or  KMTB  was  used  as  the  amino  acceptor,  with  Km  values  ranging 
from  0.48  -  4.34  mM  and  Vmax  values  from  0.54  -  1.44  pmol/min/mg  protein.  Therefore, 
the  enzyme  appears  to  be  equally  active  in  using  branched-chain  amino  acids  for  producing 
glutamate  or  Met.  This  result  is  in  variance  with  the  ybgE  gene  product  in  B.  subtilis,  where 
KMTB  transamination  had  a  Vmax  10-fold  lower  than  KG  transamination.  The  B.  cereus 
enzyme  is  thus  better  adapted  for  Met  production  than  that  in  B.  subtilis,  and  may  be  a 
reflection  of  membership  in  different  subfamilies  within  family  III. 

Characterisation  of  the  B.  anthracis  BCAT  Homologue 

As  Bc-BCAT2  was  identified  as  the  sole  family  III  enzyme  responsible  for  Met  regeneration 
in  B.  cereus,  the  B.  anthracis  homologue  was  cloned  and  expressed  as  a  calmodulin-binding 
peptide  fusion  protein  in  E.  coli.  Unlike  the  B.  cereus  counterpart,  Ba-BCAT2  was  less  prone 
to  inclusion-body  formation,  and  active,  soluble  enzyme  was  easily  purified  (Figure  6).  Ba- 
BCAT2  was  screened  using  single  amino  acids  and  KMTB  as  an  amino  donor,  with  results 
nearly  identical  to  that  seen  with  Bc-BCAT2  (Figure  3C).  The  only  difference  seen  between 
the  two  enzymes  was  a  lower  preference  for  aromatic  amino  acids  as  amino  donor  with  Ba- 
BCAT2.  Again,  selected  substrate  pairs  were  further  examined  in  order  to  define  the  kinetic 
properties  of  the  enzyme  (Table  2).  As  with  Bc-BCAT2,  Ba-BCAT2  had  Km  and  Vmax 
values  that  were  similar  regardless  of  the  amino  acceptor.  The  Km  values  were  0.41  -  0.83 
mM  for  KG  and  0.95  -  3.23  mM  for  KMTB,  while  the  Vmax  values  were  0.13  -  0.34 
pmol/min/mg  protein  for  KG  and  0.42  -  0.44  pmol/min/mg  protein  for  KMTB.  Therefore, 
Ba-BCAT2  catalyses  the  formation  of  Met  or  glutamate  equally  well,  and  likely  acts  as  the 
primary  source  of  Met  regeneration  in  B.  anthracis. 

In  vitro  Inhibition  of  B.  cereus  Growth  with  Canaline 

In  our  previous  study,  the  aminooxy  compound  canaline  was  found  to  be  an  effective  inhibitor 
of  the  B.  subtilis  ybgE  gene  product,  and  could  also  inhibit  B.  subtilis  growth  in  minimal 
medium  [9],  These  latter  experiments  were  repeated  with  B.  cereus  in  Nutreint  broth  and  in  a 
defined  minimal  medium  (Figure  8).  As  was  seen  with  B.  subtilis,  canaline  is  much  more 
effective  as  an  antibacterial  when  utilised  in  minimal  medium.  However,  the  degree  of 
difference  between  these  two  media  was  not  as  marked  as  with  B.  subtilis.  Canaline  killed  B. 
cereus  with  an  IC50  of  38  pM  in  minimal  medium  and  759  pM  in  Nutrient  broth  (Table  3), 
and  an  MIC  of  100  pM  and  5000  pM  respectively.  Total  B.  cereus  growth  in  minimal 
medium  (which  has  no  exogenous  protein  and  uses  sulfate  as  a  sulfur  source)  was 
approximately  half  of  that  seen  in  Nutrient  broth  (which  contains  30  mg/ml  of  protein  and 
uses  methionine  and  cysteine  as  sulfur  sources).  Addition  of  1  mM  or  10  mM  methionine  to 
the  minimal  medium  reversed  most  of  this  inherent  growth  inhibition,  but  had  little  effect  on 
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the  IC50  of  canaline.  Therefore,  B.  cereus  grows  better  with  methionine  supplementation,  but 
the  presence  of  exogenous  methionine  does  not  antagonise  the  action  of  canaline. 
Supplementation  of  minimal  medium  with  30  mg/ml  bovine  serum  albumin  had  no  effect  on 
inherent  growth  rate,  and  also  had  little  effect  on  the  IC50  of  canaline.  Therefore,  the  protein 
found  in  Nutrient  broth  is  not  essential  for  optimal  growth  of  B.  cereus,  and  the  lower  IC50  of 
canaline  in  Nutrient  broth  cannot  be  explained  by  binding  of  the  drug  to  exogenous  protein. 


Table  2.  Kinetic  characterisation  of  Bacillus  cereus  and  B.  anthracis  the  BCATs  catalysing  methionine 
regeneration.  The  enzymes  were  incubated  with  varying  amounts  of  substrate  and  10  mM  cosubstrate 
before  analysis  by  HPLC  as  described  in  the  Materials  and  Methods  section. 


GENE  PRODUCT 

SUBSTRATE 

COSUBSTRATE 

APPARENT  Km 
(mM) 

APPARENT  Vmax 
(pmol/min/mg  protein) 

B.  cereus  BCAT2 

Leu 

KG 

0.48  +  0.29 

0.54  +  0.07 

Val 

KG 

0.91  ±  0.45 

0.74  ±0.10 

lie 

KG 

0.59  ±  0.25 

0.63  ±  0.06 

KG 

Leu 

4.34  ±  1.21 

0.80  ±0.10 

Leu 

KMTB 

2.09  ±  0.72 

0.52  ±  0.06 

Val 

KMTB 

3.09+1.26 

0.90  ±0.13 

lie 

KMTB 

1 .37  +  0.57 

1.16  ±  0.15 

KMTB 

Leu 

2.84  ±  1.01 

1.44  ±0.20 

B.  anthracis  BCAT2 

Leu 

KG 

0.41  ±  0.06 

0.25  ±  0.01 

Val 

KG 

0.71  ±  0.33 

0.34  ±  0.04 

lie 

KG 

0.67  ±  0.28 

0.33  ±  0.04 

KG 

Leu 

0.83  ±  0.22 

0.13  ±0.01 

Leu 

KMTB 

1 .75  +  0.58 

0.44  ±  0.06 

Val 

KMTB 

3.23  ±  1.18 

0.43  ±  0.06 

lie 

KMTB 

1.66  +  0.52 

0.45  ±  0.05 

KMTB 

Leu 

0.95  +  0.20 

0.42  ±  0.02 
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Figure  8.  In  vitro  inhibition  of  B.  cereus  growth  by  canaline.  2  x  ICCcfu  of  B.  cereus  early  log  cells  were  inoculated 
into  Nutrient  broth  (blue  triangles)  or  minimal  medium  (red  circles)  in  the  presence  of  varying  amounts  of  canaline. 
Growth  after  incubation  overnight  at  3CPC  was  measured  by  turbidity  at  650nm.  The  yellow  squares  and  green 
diamonds  represent  minimal  medium  supplemented  with  10  mM  Met  or  30  mg/ml  bovine  serum  albumin  respectively. 
The  dark  symbols  are  the  appropriate  values  for  growth  with  no  inhibitor  and  for  medium  without  cells. 
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Table  3.  B.  cereus  growth  inhibition  by  canaline.  The  IC50  for  canaline  was  determined  by  non-linear 
curve  fitting  of  growth  inhibition  data  using  the  medium  dose  equation  as  descibed  by  Chou  [24],  The 
MIC  is  the  lowest  concentration  yielding  complete  prevention  of  cell  growth. 


GROWTH  CONDITION 

CANALINE  IC50  (pM) 

CANALINE  MIC  (pM) 

Nutrient  Broth 

758.9  ±22.49 

5000 

Minimal  Medium 

35.48  ±5.22 

100 

Minimal  Medium  +  1  mM  Methionine 

38.43  ±11.41 

500 

Minimal  Medium  +  10  mM  Methionine 

90.00  ±23.07 

500 

Minimal  Medium  +  30  mg/ml  BSA 

69.67  ±  14.04 

500 
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Discussion 


Polyamine  biosynthesis,  and  the  associated  regeneration  of  Met  from  MTA  (Figure  1),  have 
been  the  subject  of  investigations  on  experimental  chemotherapeutics  in  a  number  of 
organisms  [1].  However,  unlike  in  B.  subtilis,  where  a  number  of  the  enzymes  found  in  this 
pathway  have  been  characterised  [9,25-29],  there  has  been  no  similar  studies  in  B.  cereus  or 
B.  anthracis.  The  final  step  of  Met  recycling  from  MTA  involves  the  transamination  of 
KMTB  via  an  aminotransferase.  Previous  studies  in  Klebsiella  pneumoniae,  Plasmodium 
falciparum,  Crithidia  fasciculata.  Trypanosoma  brucei  brucei,  and  Giardia  intestinalis  had 
implicated  aminotransferases  belonging  to  the  la  subfamily  as  being  responsible  for  Met 
regeneration  [5,6,7].  However,  a  subsequent  study  found  that  Gram-positive  and  archaeal 
organisms  did  not  contain  any  aminotransferases  which  belonged  to  subfamily  la.  In  the  case 
of  B.  subtilis,  it  was  found  that  a  branched-chain  aminotransferase  from  family  III  catalysed 
Met  regeneration  [9],  This  aminotransferase  belonged  to  a  subfamily  designated  as  Ilia.  In 
this  paper,  the  homologous  aminotransferase  activities  were  identified  and  characterised  in  B. 
cereus  and  B.  anthracis. 

As  was  the  case  with  B.  subtilis,  both  B.  cereus  and  B.  anthracis  homogenates  preferentially 
catalysed  KMTB  transamination  using  branched-chain  amino  acids.  However,  while  this 
activity  is  catalysed  by  the  ybgE  gene  product  in  B.  subtilis,  neither  B.  cereus  nor  B.  anthracis 
was  found  to  contain  any  aminotransferase  with  a  high  identity  to  ybgE.  In  fact,  neither  B. 
cereus  nor  B.  anthracis  had  any  putative  enzyme  sequence  falling  within  subfamily  Ilia.  Both 
of  these  organisms  were  found  to  contain  four  family  III  aminotransferases,  two  with 
homology  to  BCATs  and  two  with  homology  to  DAATs.  All  eight  of  these  sequences  were 
members  of  subfamily  Illb.  The  sequence  identity  between  ybgE  and  the  B.  cereus  and  B. 
anthracis  aminotransferases  is  very  low  (approximately  17%).  Given  that  the  B.  cereus 
complex  and  B.  subtilis  are  quite  closely  related  as  judged  by  16S  rDNA  sequences  (Figure 
2),  this  lack  of  homology  between  BCAT  sequences  is  quite  striking.  It  would  appear  quite 
likely  that  acquisition  or  loss  of  BCATs  occurred  after  the  split  from  a  Bacillus  progenitor  to 
pre-subtilis  and  pre-cereus  complexes.  As  Bacillus  halodurans  also  contains  a  BCAT  within 
subfamily  Ilia,  and  is  much  more  distantly  related  to  B.  subtilis  and  B.  cereus,  the  most  likely 
explanation  is  that  the  B.  cereus  complex  lost  any  subfamily  Ilia  sequence(s)  and  evolved 
BCAT  functionality  from  DAAT  members  of  subfamily  Illb.  These  results  highlight  the 
perils  of  extrapolating  biochemical  findings  from  one  bacterial  species  to  another  regardless 
of  the  appearance  of  a  close  evolutionary  relationship. 

With  both  B.  cereus  and  B.  anthracis,  the  sequence  designated  BCAT2  was  found  to  readily 
catalyse  the  transamination  of  KG  or  KMTB  using  branched-chain  amino  acids  as  the  amino 
donors.  Kinetic  analysis  of  the  two  enzymes  showed  that  there  was  little  difference  in  Km  or 
Vmax  when  using  KG  or  KMTB  as  the  amino  acceptor.  Therefore,  as  was  seen  with  the 
tyrosine  aminotransferase  in  K.  pneumoniae,  BCAT2  catalyses  Met  regeneration  as 
effectively  as  the  “classical”  activities  normally  associated  with  the  enzyme.  Moreover,  with 
the  exception  of  the  use  of  alanine,  the  activity  seen  with  recombinant  BCAT2  accounts  for  all 
the  activity  seen  in  the  B.  cereus  homogenates.  As  there  was  little  difference  in  amino  donor 
preference  in  homogenates  made  from  cells  grown  in  Nutrient  broth  (which  contains 
numerous  sulfur  sources,  including  methionine)  or  minimal  medium  (where  sulfate  is  the  sole 
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sulfur  source),  BCAT2  is  likely  the  primary  catalyst  of  Met  regeneration  in  both  the  presence 
and  absence  of  exogenous  methionine. 

In  our  previous  study,  the  aminooxy  compound  canaline  was  found  to  be  an  effective  inhibitor 
of  recombinant  ybgE  and  also  inhibited  the  growth  of  B  subtilis  in  minimal  medium. 

Canaline  was  found  to  be  an  efficient  inhibitor  of  B.  cereus  growth  in  minimal  medium,  with 
an  IC50  of  35  pM  and  an  MIC  of  100  pM.  Unlike  B.  subtilis,  where  canaline  had  no  effect  on 
cell  growth  in  Nutrient  broth,  B.  cereus  in  Nutrient  broth  was  inhibited  by  canaline.  With  an 
IC50  of  760  pM  and  an  MIC  of  5.0  mM.  The  basis  for  the  differential  sensitivity  to  canaline 
between  rich  and  minimal  media  was  examined  from  two  potential  mechanisms:  exogenous 
methionine  as  an  antagonist,  and  drug  binding  to  exogenous  protein.  Addition  of  methionine 
to  minimal  medium  had  little  effect  on  the  IC50  of  canaline,  which  suggested  that  methionine 
neither  interefered  with  canaline  transport  nor  rescued  metabolically  starved  cells.  The 
addition  of  30  mg/ml  BSA  to  the  minimal  medium  also  had  little  effect  on  the  IC50  of 
canaline.  Therefore,  the  compound  does  not  bind  well  to  BSA.  As  canaline  is  known  to  bind 
to  pyridoxal  phosphate  dependent  enzymes  and  pyridoxal  phosphate  itself,  a  logical  step  for 
the  future  would  be  the  examination  of  Nutrient  broth  for  the  levels  of  pyridoxine,  pyridoxal, 
and  pyridoxal  phosphate.  Addition  of  a  similar  amount  of  cofactor  to  the  minimal  medium 
would  then  test  for  loss  of  canaline  activity. 

The  effectiveness  of  canaline  against  B.  cereus  in  in  vitro  growth  inhibition  tests  suggests  that 
the  compound  should  be  examined  against  B.  anthracis  in  vitro  and  against  B.  cereus  and  B. 
anthracis  in  vivo.  These  experiments,  and  the  screening  of  further  aminooxy  analogues 
against  the  bacilli  are  planned  for  the  immediate  future.  In  addition,  potential  synergy  with 
other  inhibitors  of  enzymes  involved  in  polyamine  biosynthesis  and  Met  regeneration  is  to  be 
examined. 
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KMTB 


ketomethiobutyrate 


KG 

BCAT 

DAAT 

TyrAT 


ketoglutarate 

branched-chain  amino  acid  aminotransferase 
D-amino  acid  aminotransferase 
tyrosine  aminotransferase 


Met 


methionine 
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